Abstract. To elucidate the relationship between steroidogenic hormones and developing adrenal glands, we investigated the immunolocalization of steroidogenic enzymes in equine fetal adrenal glands during mid-late gestation. Fetal adrenal glands were obtained from three horses at 217, 225 and 235 days of gestation. Steroidogenic enzymes were immunolocalized using polyclonal antisera raised against bovine adrenal cholesterol side-chain cleavage cytochrome P450 (P450scc), human placental 3β-hydroxysteroid dehydrogenase (3βHSD), porcine testicular 17α-hydroxylase cytochrome P450 (P450c17) and human placental aromatase cytochrome P450 (P450arom). Histologically, cortex and medulla cells were clearly observed in the three fetal adrenal gland tissue samples. P450scc and P450c17 were identified in cortex cells close to medulla cells and in some medulla cells in the fetal adrenal glands. P450arom was present in both cortex and medulla cells in the fetal adrenal glands. However, 3βHSD was not found in any of the equine fetal adrenal gland tissue samples. These results suggest that equine fetal adrenal glands have the ability to synthesize androgen and estrogen, which may play an important physiological role in the development of equine fetal adrenal glands.
teroid biosynthesis occurs in two major families of enzymes. The first is comprised of hydroxylase enzymes, which are encoded by genes belonging to the cytochrome P450 superfamily. The second family, which is comprised of steroid dehydrogenase enzymes, belongs to one of two dist i n c t g r o u p s , t h e s h o r t c h a i n a l c o h o l dehydrogenase/reductase family or the aldo-keto reductase superfamily. Together, the P450 and dehydrogenase enzymes are necessary for steroidogensis in the gonads, placenta and adrenals [1] . Steroid hormones produced by the fetal adrenal cortex regulate intrauterine homeostasis, the maturation of fetal organ systems necessary for extrauterine life and, in some species, the timing of parturition [2] . An increase in fetal adrenal cortisol output signals the onset of parturition in many animal species; however, in the fetal horse, the plasma concentrations of cortisol remain low for much of late pregnancy, with a rise occurring only very close to the time of birth [3] . A major increase in cortisol concentration only occurs during the last 84-96 h before parturition [4] when there is a close relationship between circulating ACTH and cortis o l c o n c e n t r a t i o n s [ 5 ] . T h e r e i s m i n i m a l transplacental transfer of cortisol from the mother to the fetus in the pregnant horse, so alterations in the fetal plasma cortisol concentration are thought to reflect alterations in secretion and/or clearance within the fetal compartment [6] . In the previous study, immunohistochemical staining revealed the presence of side-chain cleavage cytochrome P450 (P450scc), 3β-hydroxysteroid dehydrogenase (3βHSD) and 17α-hydroxylase cytochrome P450 (P450c17) in adrenal tissue from close to the time of birth and in newborn horses, suggesting that steroid metabolism of the equine fetal adrenal gland may lead to parturition and the associated proce s s es o f m a t u r a t i on i n t h e f e t a l f o a l [ 3 ] . Immunolocalization of steroidogenic enzymes and their mRNA expression have also been demonstrated in the ovaries of the equine, [7, 8] . Expression of steroidogenic enzymes in the equine placenta has also been reported, indicating that the equine placenta can secrete steroid hormones during pregnancy [9] . In addition, it has been reported that high concentrations of estrogens secreted by the fetal gonads are present in the blood and urine during the latter two-thirds of gestation in the mare [10] . In the present study, we performed immunohistochemistry for P450scc, 3βHSD, P450c17 and aromatase cytochrome P450 (P450arom) in equine fetal adrenal gonads at 200-250 days of gestation in order to extend these observations. The objective of this study was to investigate the localization of these steroidogenic enzymes and to elucidate their physiological functions in developing equine fetal adrenal glands through immunohistochemistry.
Materials and Methods

Animals
Three pregnant thoroughbred and Anglo-Arab mares with known insemination dates were euthanized with an overdose of a mixture of sodium thiopental (Ravonal; Tanabe Pharmaceutical, Osaka, Japan) and suxamethonium chloride (Succine; Yamanouchi Pharmaceutical, Osaka, Japan) at 217, 225 and 235 days of gestation, respectively. The day of insemination was designated as day 0 of gestation. Fetal adrenal gland tissues from each fetus were removed, fixed in freshly prepared 4% (w/v) paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) in 0.01 M phosphate buffered saline (PBS; pH 7.4) and embedded in paraffin for histological and immunohistochemical observations. All procedures were carried out in accordance with the guidelines established by Rakuno Gakuen University.
Histology
Samples of fetal adrenal glands were dehydrated in an ethanol series and embedded in paraffin wax.
Sections (4-6 µm) of fetal adrenal glands were routinely stained with hematoxylin-eosin (HE) for histological observation. Serial sections of fetal adrenal glands were mounted on slides coated with poly-L-lysine (Sigma) for immunohistochemistry.
Immunohistochemistry
The serial sections of the fetal adrenal glands were incubated with 10% normal goat serum to reduce background staining caused by the second antibody. The sections were then incubated with primary antibodies (1:500 or 1:1000) raised against bovine adrenal cholesterol P450scc [11] , human placental 3βHSD [12] , porcine testicular P450c17 [13] and human placental P450arom [14] 
Results
Histology and Immunohistochemistry
The results of histological and immunohistochemical observations did not differ markedly among the fetal adrenal glands collected at 217, 225 and 235 days of gestation. Only the results for the samples collected at 225 days of gestation are shown in the present study (Fig. 1) . The equine fetal adrenal gland is comprised of cortex and medulla zones. Cortex and medulla cells were clearly observed in the fetal adrenal gland tissues at 225 days of gestation (Fig. 1A) . Immunoreactivity for P450scc and P450c17 was identified in cortex cells and some medulla cells (Fig. 1B and D) . Histologically, cortex and medulla cells were found in the equine fetal adrenal glands (A). Cholesterol side-chain cleavage cytochrome P450 (P450scc) and 17α-hydroxylase cytochrome P450 (P450c17) were identified in cortex cells and some medulla cells (B and D), and aromatase cytochrome P450 (P450arom) was found in both the cortex and medulla cells in the fetal adrenal glands (E). No 3β-hydroxysteroid dehydrogenase (3βHSD) was found in the cortex cells in the fetal adrenal glands (C). No immunostaining was detected in control sections when Normal Rabbit Serum was substituted for the primary antibody (F). Co: Cortex. Me: Medulla. Bar=200 µm.
P450arom was present in both cortex and medulla cells (Fig. 1E) . However, no 3βHSD was found in the equine fetal adrenal gland tissues (Fig. 1C) . No immunostaining was detected in control sections when Normal Rabbit Serum was substituted for the primary antibody (Fig. 1F) .
Discussion
In this study, we provide new evidence indicating that P450scc, P450c17 and P450arom are present in equine fetal adrenal glands during mid-late gestation, that equine fetal adrenal glands have the ability to synthesize steroid hormones during this period and that steroid hormones may play some physiological roles in the development of equine fetal adrenal glands.
Steroid hormone synthesis is a complex process involving the activity of several enzymes and sometimes interactions among several tissues [15] . P450scc converts cholesterol to pregnenolone and is located in the inner mitochondrial membrane of the cell, while other biosynthetic enzymes, such as 3βHSD, P450c17 and P450arom, are situated in the endoplasmic reticulum [16] . P450scc, 3βHSD and P450c17 are key enzymes in the pathway of cortisol biosynthesis in the adrenal gland. In this study, immunolocalization of P450scc was observed in cortex cells and in some medulla cells during midlate gestation, indicating that equine fetal adrenal glands are able to synthesize pregnenolone. These findings are similar to those for other species, such as humans and rhesus monkeys [17] and bovine [15] . In these animals, the levels of P450scc remain relatively constant in fetal adrenal glands at all gestational stages [15, 17, 18] . Progesterone is converted from pregnenolone by 3βHSD via the ∆4 steroidogenic pathway. However, it was not found in the fetal adrenal gland tissues in the present study, suggesting that the equine adrenal glands could not synthesize progesterone during this period. These findings correlate with previous studies of this species showing that P450scc and 3βHSD are present in approximately 30% of cortical cells by late gestation [3] . However, after birth, P450scc and 3βHSD increase substantially throughout the adrenal cortex, and the levels of cortisol remain low for much of late pregnancy, with a rise occurring only very close to the time of birth (term 320-360 days) [3] .
P450c17 and P450arom convert progesterone to androgen and androgen to estrogen, respectively. P450c17 was identified in cortex cells and some medulla cells in the present study, indicating that equine fetal adrenal glands could synthesize androgen. It is possible that progesterone, as a precursor of androgen, is supplied by the placenta or fetal gonads because 3βHSD was absent from the equine fetal adrenal glands. The equine placenta is also the main source of progesterone during the second half of pregnancy [9, 10, 19] . Immunolocalization of P450arom was observed in equine fetal adrenal glands in this study, suggesting that the glands had the ability to synthesize estrogens. To our knowledge, this is the first report to document the expression of an active aromatase enzyme in equine fetal adrenal glands. These findings are not unique to the equine as similar observations have been made for the porcine [20, 21] . Although the levels of P450arom activity were lower in porcine fetal and newborn adrenal glands, the expression of P450arom in the adrenal glands was believed to play a possible role in medullary maturation and function in the fetal and newborn porcine [20] . Previous studies have demonstrated that estrogens play an important physiological role in developing fetal organs [22] [23] [24] [25] . The fetal gonadectomy studies of Pashen and Allen [22] have indicated that estrogen production during equine pregnancy may be important in stimulating the development of both endometrial and placental blood vessels. Our results, which show that P450arom was present in the developing fetal adrenal glands, are in agreement with previous studies demonstrating that active P450arom in fetal adrenal tissue may have some significance in relation to synthesis of estrogen and fetal adrenal maturation during the final stages of gestation [22] . Furthermore, estrogen may play an important physiological role in development of adrenal glands. In summary, the present study demonstrated that immunoreactions for P450scc, P450c17 and P450arom were present in equine fetal adrenal glands during mid-late gestation, and this suggests steroid hormones are involved in medullary or general adrenal maturation during equine fetal adrenal development.
